
SANDIA REPORT 
SAND88- 2839 UC - 7 1 
Unl imited  Release . Printed  January 1989 

Thermal  Measurements in the 
Nuclear Winter Fire Test 

M. E. Schneider, N. R. Keltner, L. A. Kent 

Prepared  by 
Sandia  National  Laboratories 
Albuquerque, Now Mexico  87185  and  Livermore,  California  94550 
for Ihe  United  Stales  Department of  Energy 
under  Contract  DE-AC04-76DP00789 

I 

SF2900Q(8.81 J 



lssltetl hy Snntlin  Nntionnl  I.nlmrntories,  opernted  for  the  IJnited  Stntes 
I h p n r t m e n t  of Energy  hy  Sandia  Corporation. 
NOTICE: This  report  wns  prepared  as  an  nccount of work  sponsored  hy  an 
agency o f  the  United  States  Government.   Neither  the  United  Stntes  Govern- 
ment  nor  nny  ngency  thereof,  nor  any of their  employees,  nor  nny o f  their 
contrnctors,  sul)contrnctors,  or  their  employees,  makes  nny  wnrrnnty,  express 
or  implied,  or  assumes  any  legal  liability  or  responsibility  for  the  nccurncy, 
completeness,  or  usefulness of nny  information,  apparatus,  product,  or  process 
disclosed,  or  represents  that i t s  use  would  not  infringe  privately  owned  rights. 
Reference  herein to nny  specific  commercial  product,  process,  or  service by 
trntlr  name,  trndemnrk,  manufacturer,  or  otherwise,  does  not  necessnrily 
con.qt.itrlt.c or  imply it.. endorsement,  recommendation,  or  fnvoring  hy  the 
United Stntes (;overnment,  any  agency  thereof  or  any of their  contractors  or 
srthcont.rnct.ors. T h e  views  nnd  opinions  expressed  herein do not  necessnrily 
stntc! o r  reflect  those o f  the Unit.ed  States  Government,  nny  ngency  thereof  or 
nny o f  their  contrnctors  or  su1)contrnctors. 

Printed in the  United  Stntes o f  Americn 
Avnilnhle  from 
Nrttiorlnl  ‘I’echnicnl Inforrnnlion  Service 
U S .  Dcportrnent o f  Commerce 
5285 Port  Roynl R o d  
Springfield, VA 22161 

N’T’IS price  codes 
!’rinlcd  copy: A07 
Uicrofiche  copy: A01 



I 

Distribution 
Category UC-7 1 

SAND88-2839 
Unlimited  Release 

Printed  January  1989 

THERMAL  MEASUREMENTS IN THE 
NUCLEAR WINTER FIRE TEST 

M. E. Schneider, N. R.  Keltner, L. A.  Kent 
Sandia  National  Laboratories 

Albuquerque,  New  Mexico  87185 

Abstract 

In  March, 1987, a large  open pool fire test was performed to provide test measurements to help 
define  the  thermal  characteristics of  large  open pool fires  and  estimates of the  smoke source 
term  for  the  nuclear  winter  (global  effects)  scenario.  This  report will present  the  results of the 
thermal  measurements as well as comparisons  with  previous test  results.  These  measurements 
included  flame  temperatures,  heat  fluxes to a variety  of  calorimeters,  and gas velocities i n  the 
lower flame  regions. 
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NOMENCLATURE 

. 

Greeks 

Subscriots 

ave 
bf 
bP 

f 
f f  
fs 
f-tP 
f -9  
net 

c w 

0 

P 
p -' r 
r 
S 
st0 
S-+P 
s-+r 
S'S 

Specific  Heat 
Thickncss 
Change  in  temperature 
Change in time 
Radiation  shape  factor 
Convective  heat  transfer  coefficient 
Heat f l u x  per  unit  area 
Temperature 

Radiation  enhancement  cf.  Eqn. A.3. 
Emissivity 
Densit:/ 
Stefan-Boltzmann  constant (5.66 x 10-8 W / m 2 K 4 )  
Standard  deviation in  temperature 
Defined in  appendix A 
Defined  in  appendix A 

Average  flame  temperature 
Flame to boiling  fuel 
Boiling  point 
Cold wall 
Flame 
Front  face 
Flame  smoothed 
Net  from  flame to plate 
Flame to shroud 
Net 
Constant 
Plate 
Thick  plate to ring 
Ring  on  cylinder 
Shroud 
Stored  in  shroud 
From  shroud to plate 
Shroud to ribs  (on  cylinder) 
Shroud  to  itself 
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I .  INTRODUCTION 

. 
A large,  open  pool  fire  test  was  performed  in  March, 1987 to define  the  thermal  characteristics 
of  large  open  pool  fires  and  to  provide  information  about  the  smoke  source  term  for  nuclear 
winter  (global  cffects)  sccnario  studies.  This  test  report  describes  the  mcasuremcnts  which Lvcrc 
nude  to  help  evaluate  the  parameters  that  define  an  open  pool  fire,  examine  the  repeatability 
between  open  pool  fire  tests,  and  determine  typical  thermal  input to massive  test  articles. All ot' 
these  measurements  were  made  in  the  lower  flaming  region  of  the  fire.  Results  from the 
airborne  sampling in the  plume  region  are  reported  by  Einfeld,  et  al. [ I ] .  

Definition  of  the  characteristics  of  large  open pool fires is required to impr0t.e  predictions o f  
the  response  of  shipping  containers  when  such  fires  are  used to simulate  severe  transport:ltion 
accidents.  Paramcters  which  are  important in establishing  this  definition  include: 

Temperature 

Fire  dimensions 
Velocities in the  fire 
Chemistry 

Thermal  transport in the  fire 

To  t ry  to provide  part  of  this  definition, a wide  variety  of  diagnostic  instrumentation \vas 
fielded i n  the  large  pool  fire test. The types  of  instrumentation  and  their use are  outlined  below. 

INSTRUMENTATION  INFORMATION 

Thermocouples  moun 

Thick wall cylindrica 
mounted  on  towers 

ed on  towers - Fire  temperatures a t  elevations up  to 15 meters 
- Amplitude  and  frequency of temperature 

fluctuations 

calorimeters - Transient  hot wall  heat flux  and  surface 
temperature  data  from  inverse  heat 
conduction  codes 

measurements in other  fires 
- Heat  flux  data  for  comparison to similar 

Large  thick  and  thin wall plate 
calorimeters 

Large  half-shielded  cylindrical 
calorimeter 

Bidirectional  velocity  probes 

- Transient hot wall heat  flux  and  surface 

- Amplitude  and  frequency  of  temperature 
temperature  data  for plates 

fluctuations 

- Heat  flux to large  cylinders 

-Gas velocity  measurement  from a pitot  type 
device  designed  for  low  Reynolds  number 
flows 
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Infrared  imaging  cameras (3-5 & 8-12 
micron  range) 

Pressure  static  head i n  the pool 

Plate calorimeter a t  fuel  surface 

Radiometer  at  the  fuel  surface 

Wood smoke  generators 

Video  records  from  four  directions 
with closcup  and  distant  stations 

Airplane @ -500 meters 

Wind velocity  and  direction 

Mcasurcnlents   of   temperature   and 

- Mapping of temperature  contours  in  the 
lower  part  of  the  fire 

- Fuel  recession ra!e 

- Total  heat  flux to fuel  surface 

- Radiant  flux  to  fuel  surface 

- Flow  visualization  and  air  entrainment 
i n  the lower part of  the  firc 

- Velocity  of  large  turbulent  structures 

- Plume  shape  for  comparison  with 
around  the  outside  of  the  fire 

plume  models 

- Soot characterization  and  emission  factors 
- Plume gas composition 

- Compliance  with  test  specifications 
- Correlation  with  thermal  measurements 

heat  f lux  are  important in  trying  to  define the fire 
environment and the  response  of a test  item.  Temperature  measurements  provide  part  of  the 
primary  definition of the  fire  environment.  Calorimeter  temperatures  define  the  response of a n  
item to the  f ire  environmcnt,   and  the  potential   for  material   failures  that   occur due  to 
tenlperature. f~Ieat transfer  affects  both  the  development  of  the  fire  and  the  response  of a test 
itcm to the fire.  The  heat  flux levels  indicate  how  severely  an  item will be stressed by the  fire 
and  the  integrated  flux  defines  the total thermal  insult. I t  is important to note  that  the  size  and 
design  of a test item  affects  the  the local fire  environment  which in turn  affects  the heat 
transfer to the test  item. 

The measurements of particular  interest in  determining  the  thermal  input to items in  fires  are 
the temperatures  and heat  fluxes  from the calorimeters  and  the  temperature  and  velocity  profiles 
obtained  from  the  towers  located  throughout  the  fire. 

. 
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11. OI'ERVIEN' OF THE INSTRUMENTATION 

The  setup  of  the  Nuclear  Winter  Fire  Test  instrumentation is shown in  Figure 2.1. The fire test  
dcscribcd  here was performed  in  the 9 by 18 meter  large  fire  test pool in  Lurancc  canyon. For 
this  test,  there  were  four 6 meter  high  instrumentation  towers  located i n  a diamond  shape 
around  the 15 meter  centrally  located  tower.  Type K thermocouples  with  ungrounded  junctions 
in 1.6 mm OD inconel  sheaths  were  used  on all five  towers to measure  flame  temperatures. 

l'hermocouples  were  mounted  on  the 6 meter  high  towers at elevations  of 1.37, 2.29, 3.5 I ,  4 .72  
and  6.1 meters  from  the  bottom  of  the  pool.  Two  of  these  towers  had  10.2  centimeter  diamctcr, 
20.3 cm  long, 3 1.8 mm thick  mild  steel  calorimeters  mounted  with  their  centerlines 2 meters 
from the bottom  of  the pool. The  same  type  of  calorimeter  had  been  used in  the TRUPACT 
pool  fire to<!s and  the  DOT  fire  test  series  [2,3,4,5].  Thus,  this instrument providcci 
comparative  hot  wall  heat f l u x  data  for  the  large  pool  fire  tests.  The  construction of the 10 
centimeter  calorimeters is shown in Figure 2.2. These  calorimeters  were  split  into  quadrants and  
isolated to provide a measure  of  circumferential  variation  of  the  heat  flux.  Thus,  one q u a d r n n t  
preferentially  viewed  the  top,  bottom,  north,  or  south  side  of  the  fire. A 15 meter tall tower 
was located i n  the  exact  geometrical  center  of  the  pool. 

The  center  tower  had  thermocouples  and  velocity  probes  mounted as shown in  Figure 2.3. 
Thermocouples  and glass coated,  stainless  steel,  bidirectional  velocity  probes [6] were a t  heights 
of 2.21  meters,  3.40  meters, 4.78 meters, 6.1 meters, 9.14 meters, 12.19 meters  and 15.24 meters 
from  the  bottom of the  pool. 

A plate  calorimeter was used to investigate  the  heat  flux to vertical  surfaces i n  fires. I t  w a s  
placed due east of the  central  tower,  still  on  the  long pool axis.  The  east  facing  side w a s  
designed to simulate a radiation  shielded wall situation;  the  outer  surface was a 1.02 nlm steel 
sheet with a 6.35 mm plate  mounted 9.5 mm behind  it.  The  west  facing  side  of the calorimeter 
was used to look at  the  effects of wall thickness  on  the  heat  transfer.  The  north ha l f  of  the 
H'est side was a 19 m m  mild  steel  plate;  the  south  half was a 6.35  mm  mild  steel  plate.  Tile 
steel  plates  were  mounted  such  that  the  outer  surfaces  were i n  the  same  plane.  Intrinsic 
junction  thermocouples  were  mounted  on  the  backface  of all of the  plates.  Sheathed 
thermocouples,  like  those  used  on  the  towers,  protruded  from  the  exterior  surface  of  each side 
IO centimeters  into  the  flames.  Figure 2.4 shows a cutaway  view  of  the  plate  calorimeter. 

I n  order to examine  the  heat  flux to large  cylindrical  objects, a 10  ton  cylindrical  calorimeter 
was instrumented  and  placed i n  the  pool. The  calorimeter was very  similar to those  examined 
i n  the DOT test  series  [2,3]. The  axis  of  the  cylinder was placed 4.6 meters  from  the  west  side 
of the  pool  in a north/south  orientation as sketched  in  Figure 2.1. Figure 2.5 gives  more  details 
regarding  the  construction of the  calorimeter  and  the  instrumentation  stations.  The  south half 
of  the  calorimeter  was  shrouded  with a thin  mild  steel  shield.  Basically  two  instrumentation 
stations  existed.  One  on  the  unshrouded  north  end,  and  one  on  the  shrouded  south  end.  On 
each  end  duplicate  instrumentation  was  placed  at 90 degree  intervals  facing  up,  down, to the 
east,  and to the west. 

On the  bare  North  end,  the  following  temperatures  were  monitored a t  the  four  angular 
posit ions:   steel   backface  temperature,   temperature 2.54 cm into  the  insulation,  surface 
temperature  (using  Nanmac TCs), and  external  flame  temperatures.  In  addition, a transpiration 
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radiometer was mounted in  the wall at  each  angular  location.  On  the  shrouded  (south)  end  only 
the  thick  steel  backface  and  the  shroud  temperatures  were  recorded. 

Two  types of  measurements  of  heat  flux to the pool surface  were  attempted in  this  test.  Figure 
2.6 shows  a  cutaway  view of a  pool  surface  slug  calorimeter.  Three  of  these  devices  were 
placed  in  the  pool as indicated in Figure 2.1. A ‘-L.\spiration  radiometer  was  placed  near  the 
center slug calorimeter,  facing  up. 

Outside of the  pool,  located  due  west - 45 meters  away  was a propeller  type  wind  anemometer. 
This was  used  to  record  wind  speed  and  direction  during  the  test.  On  the  north,  south, east, and 
west  axes  of  the pool, located - 150 meters  away  from  the  edges of the  pool,  were  vide6 
cameras  which  viewed  the pool :ide plus  three  meters  in  either  direction.  In  additicn, a 16-mm 
movie  camera was - 750 meters  away  viewing  the  fire plus the smoke  plume.  These  cameras 
were  used to record  events  within  the  fire, In close  proximity  to  the  south  video  camera  were 
two  infrared  imaging  cameras.  One  recorded  radiation  in  the 3-5 micron  wavelength  range  while 
the other  recorded  radiation in the 8-12 micron  wavelength  range.  At  six  locations  around  the 
periphery of the  pool,  wooden posts were  held  in a vertical  position.  These  posts  had  been 
soaked in  water  and  produced a white  smoke for approximately 15 minutes  which  helped  in 
visualizing  the  flow  field  near  the base of the  fire. 

Table 2.1 is a summary of the  data  which was ocquired  on  the  test  items  during  the  test.  The 
table  includes  an  indication of the  acquisition  system  nsed to gather  data  from  various 
transducers  along with the  type  and  placement of the  transducers  in  the  pool. 



TABLE 2.1 Instrumentation Overview 

, 
Number 

Channels  Location 
of Acquisition  Scan  Rate 

System  [Sec/Reading] 

24 
8 
5 
5 
5 
5 
1 
1 
2 

24 
7 
3 
2 
7 

Large cy1 Calorimeter HP 1000 
IO cm  Calorimeters HP 1000 
N Tower HP 1000 
E Tower HP 1000 
S Tower HP 1000 
W Tower I!? 1000 
Wind Speed HP 1000 
Wind Directiot, HP loo@ 
Fuel  Level HP 1000 
Plate  Calorimeter HP 3054 
Center  Tower  TCs HP 3054 
Pool Surface  Slugs HP 3054 
Trans  Radiometer HP 3054 
Velocity  Probes HP 3054 

IO 
10 
10 
10 
10 
IO 
I O  
i Q 
10 
5 
5 
5 
5 
5 

Notes : 

. H P  3054.5 - H P  9826 Computer  and HP 3497A  Data Acquisition/Control  Unit 

. HP 1000 - HP A600 Computer  and HP 3852  Data Acquisition/Control  Unit 
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1 5 . 2  m e t e r s  4- 

9 . 1  m e t e r s  -4 

6 . 1  m e t e r s  - 

4 .El m e t e r s  - 

3 . 4  m e t e r s  -- 

2 . 2  m e t e r s  -- 

I- 

t- PITOT 7’UBES 

__- THERMOCOUPLES 

FUEL SURFflCE HEIGHT 
0.83 m e t e r s  

. 

Figure 2.3 Center  Tower Instrumentation Scheme 
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111. TEMPERATURES ON TOWERS 

Temperatures   were  measured at various  locations  near  the  base  of  the  fire.  The  centrally 
located  tower  allowed  measurements  of  flame  temperatures  at  heights  up to 15  meters.  Figures 
3.1 through  3.6  show  the  temperature  histories for the  five  main  instrumentation  towers.  The 
locations  of  the  stations  are  included  in the legends.  Flame  temperature  measurements  were also 
made  near  the  calorimeters,  but  these  results  will be discussed  in  section 5 (Table 5.1 is a 
summary).  The  flame  temperature  histories look very  similar to results  from  previous  tests. 
Generally,  the  higher  elevations  show  more  extreme  fluctuation  due to the  effects of winds. 
Average  values of temperature  are  plotted  in  figure 3.7. Figures  3.8  and  3.9  show  average 
temperature  results  from the two  previous  large  open  pool  fire  tests.  The  standard  deviations in  
flame  temperatures  were  calculated  and  are  plotted  in  Figure 3.10. Again,  for  comparison, 
Figures 3.1 1 and 3.12 show  previous  results.  The  data  from  Trupact-I-Test 1 shows  very  good 
agreement  from  tower to tower.  The  agreement  between  towers is not  nearly as good  for  either 
the  current  test  or  for  Trupact-I-Test 0. The  data  from  the  current test is expected to be  much 
more  strongly  affected  by  winds  than  Trupact-I-Test 1 (see  section 9). Part  of  the  difference 
between  the  measurements  from  Trupact-I-Test 0 may  be  due to the  large  size of the  test u n i t  
and  the  effect  on  the  placement  of  the  instrumentation  towers.  Table 3.1 summarizes  the  results 
of the  current  test  in  tabular  form. 

The  winds  were  strong  enough  during  this  test to cause  the  flames to be  blown  away  from  the 
highest  stations for significant  time  periods,  see for example  Figure 3.2.  In past  tests i t  was 
helpful to try to estimate  time  periods  during  which  the  flames  were  not  strongly  affected  by 
local  wind  conditions.  Averages  taken  during  these  periods  often  were in better  agreement  than 
averages  over  the  entire  test.  Three  methods  of  estimating  the  importance  of  winds  were used 
in  this  test. 

First ,   wind  speed  data  were  input  into a flame ti l t  equation [7] in  order to determine  the 
expected t i l t  of  the  flames  with  time.  Then,  using  geometrical  considerations  and  the wind 
direction,  the  vertical  location  at  which  the  edge  of  the  flames  were  expected to cross  the  pool 
centerline  was  calculated. If this  height  was less than 15 meters  the  flames  were  said to be 
"absent"  from  some  stations. If the  flame  cylinder  crosses  the  pool  centerline  at a vertical  height 
greater  than 15 meters  the  "flame  present"  condition  was  assumed. 

A second  method  involved  looking  at  the  temperature  measurements  themselves  and  trying to 
determine if the  flames  were  present  at  particular  stations.  This is basically  the  method  detailed 
in [4,5]. 

The  third  method  involved  the  tedious  and  careful  examination  of  the  video  recordings  of  the 
flame  region  which  were  made  from  four  different  viewing  directions.  For  each  direction of 
viewing,  the  periods  during  which  the  uppermost  station  appeared to be  obscured  by  flames 
were  recorded, It  was  then  assumed  that  if  the  15  meter  station  could  not  be  seen  from  any  of 
the  four  views, i t  was  indeed  engulfed  in  flame.  The  conditioning  signals  generated  from  the 
three  methods  are  shown  in  Figure 3.13. 

The  third  method  was  eventually  used to calculate  the  "flame  present"  averages  listed  in  Table 
3.1 and   p lo t t ed   i n   F igu re   3 .14 .   The   s ame   s igna l   was   u sed  to cond i t ion   t he   ve loc i ty  
measurements  discussed  in  the  next  3wtion. 
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The  flame  present  conditional  average  temperatures  for  two  earlier  tests  have  been  plotted  as 
figures 3.15 and 3.16 for  comparison.  Again,  as  in  the  case  of  the  average  temperatures,  the 
Trupact-I-Test 1 results  show  much  better  agreement,  tower to tower,  than  the  current  test, o r  
the  Trupact-I-Test 0 results.  The  application  of  conditional  sampling  in  previous  tests  seemed 
to give  results  which  were  in  better  agreement,  both  tower to tower.and  test to test, with the 
exception  being  the  strongly  wind  effected  southeast   tower  in  the  Trupact-I-Test 0. The 
current test  results  are  disappointing in this  sense.  The  most  likely  problem is that  the  total 
time  of  the  "flame  present"  signal is very short; there are only 1.5 minutes  of  temperature 
readings to average. W i t h  less than 20 readings,  this is probably  not a statistically  significant 
sample. 

The  conditional  analysis of the  data  from  Trupact-I-Test 0 and  Test 1 used  the  temperature 
based  second  method. In these  tests,  the  winds  were  lower  and  the  conditioning  signal  could be 
developed  f rom  measurements   a t  a lower  statim (6.1 meters). A better  comparison  of  the 
average  "flame  present"  temperatures,  at  elevations  up to 6.1 meters  above  the  pool floor, from 
three tests;  Trupact-I-Test 0, Trupact-I-Test I ,  and  Nuclear  Winter is shown  in  Table 3.2. For 
this  comparison  the  towers  for  each  test  were  conditioned  in  the  same  manner  as  described i n  
[4,5]. There is good agreement  at  like  tower  locations  from  one  test to another.  On  the  center 
tower, the  temperature  consistently  rises  from  the  lowest  station (1.37 meters),  reaches a plateau 
a t  about 1000°C and  then  drops  above  the 6.1 meter  station. 
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Vclocity 
[ l l l / S C C ]  

Center  Tower 
Tcmpcra tures  

[ "CI 

Enst Tower 

South Tower  

\\ 'est Tower  

h'orth Tower 

TABLE 3.1 Nuclear Winter Fire Test Average Results 

Height Average 
From Floor 

15.24 -2.55 
12.19  5.4 1 
9.14  1.86 
6.10 5.87 
4.77  5.65 
3.40 5.94 
2.1 I 4.10 

15.24 326 
12.19 382 
9.14 477 
6.10 692 
4.77  829 
3.40  887 
2.1 1 88 1 

6.10 73 1 
4.72 765 
3.5 1 769 
2.29 843 
1.37 902 

,6.10 534 
4.72 633 
3.5 1 80 1 
2.29 938 
1.37 932 

6.10 479 
4.72 674 
3.5 1 985 
2.29  1009 
1.37 914 

6.10 810 
4-72 919 
3.5 1 973 
2.29  1040 
1.37 933 

Std Dcv 
Present 

7.40 
5.56 
6.34 
5.6 1 
5.06 
4.43 
3.25 

313 
330 
328 
293 
267 
265 
196 

358 
363 
324 
242 
85 

280 
248 
196 
87 
93 

295 
268 
191 
144 
151 

287 
225 
169 
116 
112 

Flnmc 

16.5 
17.4 
12.1 
12.1 
10.7 
8 .J 
4 .5  

1039 
IO58 
968 
9 I -3 
959 

I040 
I086 

765 
818 
888 

1016 
94 3 

656 
690 
922 

1055 
830 

1119 
1102 
1064 
904 
623 

993 
1009 
107 1 
I131 
873 
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TABLE 3.2 

Comparison Of Conditionally Averaged Tower Temperatures From Three Tests 

I I c i g h t  TRUPACT- 1 -TEST 0 
Above Temperature  "C 
Floor  Tower  Location 

6.10 986 934 810 888 
4.72 986 974 *** *** 
3.5 I 942 1024 1046 1020 
2 30 955 1065 1038 1002 
2.29 964 1055 974 1039 
1.37 774 913 *** *** 

6.10 
5.44 
4.78 
4.09 
3.40 
2.79 
2 .2  1 
1.50 

TRUPACT- 1 -TEST 1 
Temperature " C  
CENTER TOWER 

974 
1013 
I025 
1036 
1022 
1005 
949 
788 

* * *  No thermocouple  at  this  location. 

TRUPACT- 1 -TEST 1 NUCLEAR WINTER 
Temperature "C Temperature  "C 
Tower Location Tower  Location 

782 897  927 977 939 976 987 906 
914 998 1021 988 953 1038 1018 1013 
1069 1037 989 1051 1001 1029 976 1048 
*** *** *** *** *** *** *** *** 

1085 1029  981  964 971 1057 984 941 
784  800  754  744 840 914 917 742 

NUCLEAR WINTER 
Temperature "C 

CENTER  TOWER 

927 

1007 

1014 

997 

*** 

*** 

*** 

*** 
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IV. GAS VELOCITIES ON THE POOL CENTERLINE 

The  velocity  measurements  were  made  with a low-velocity  pitot  type  probe  designed  for  use  at 
low  Reynolds  numbers.  The  design  and  application of these  "bidirectional"  probes is described 
in  detail  in  [6,8].  The  velocity  probes  were  mounted at seven  vertical  stations  on  the  center 
tower  (Figure 2.1); 2.2, 3.4, 4.8, 6.1, 9.1, 12.2, and 15.2 meters  above  the  pool  floor as shown in 
Figure 2.3. A 1.6 mm O.D., inconel  sheathed,  ungrounded  junction,  type K thermccouple  was 
used  at  each  probe  location to measure  the  temperature  of  the gas. These  temperatures  were 
used  to  calculate  the  density ( p )  of  the gas (assumed to be  air)  which is used  in  the  velocity 
equation. 

For  the  lower  four  stations,  the  differential  pressures (AP) were  measured wi th  0 - 0.62 
millibar  Setra  pressure  gages  (Model  261-1);  the  differential  pressure  measurerrents  for  the 
upper   three  pr l ;bes   used k1.2 mill ibar   bidirect ional   Setra   pressure  gages.   Use  of   the 
bidirectional  gages  for  the  upper  three  stations was due to the  higher  pressures  expected  and  not 
because  of  anticipated  flow  reversals. 

The  velocity  histories  are  shown in Figures 4.1 and 4.2. Some  clipping  of  signals  occur  near 
zero  volts  in  Figure 4.1. The  probable  cause is from a small  amount  of  noise on the  signal  lines 
driving  the  millivolt  signal  below  zero  volts.  The  reverse  velocities  at the high  stations  are  likely 
to be due to  the  effects  of  the  strong  winds  late  in  the test; &he  probes  may  be  just  outside  the 
fire  plume.  The  large  fluctuations in the  velocities :re primarily  due to wind  effects.  The 
velocity  data  was  conditionally  sampled  with  the  flame  present  signal  described i n  the  previous 
section.  The  conditionally  sampled  data  represents  only 1.5 minutes  out  of  the  total  test  time of 
34 minutes  (approximately 4 percent).  The  averages  and  standard  deviations  in  the  measured 
velocities  were  calculated  and  are  presented in Table 3.1. The "test" average  values  and  the 
"conditionally  sampled"  average  values  are  plotted  in  Figure 4 . 3  along with the corresponding 
values  from  Trupact-I-Test 1 open  pool  fire test. The  results  indicate  slightly  lower  velocities 
than  measured in the  previous  test. 

Figure 4.4 compares  the  average  measured  velocities  during  the  "flame  present"  state  with  the 
mean  centerline  velocity  data  of  McCaffrey  [9],  which  were  made in fires  which  were  much 
smaller. The vertical  distance,  z,  and  the  velocity, V, have  been  scaled i n  a nay  that  normalizes 
the  values  with  the  thermal  power  of  the  fire.  McCaffrey  defines  three  zones  in  the  fire: 
continuous  flame,  intermittent  flame,  and  plume.  The  point z/Q2/5 = 0.08 is the  end of the 
continuous  flame  region, Z / Q ~ / ~  = 0.20 is the  end  of  the  intermittent  flame  region.  In the 
continuous  flame  region  the  vertical  velocity  should  vary  as 

The  value  of Q used by McCaffrey  was  the  estinatcd  total  heat  release.  In  McCaffrey's  work, 
the  flames  studied  were  methane  flames. In this  case  the  theoretical  maximum  heat  release 
(from gross fue l   consumpt ion ) ,   t he  estimated total  heat  release  (considering  combustion 
efficiency),  and  the  convective  heat  release,  were  very  near  the  same  values  for a given  f lane.  
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In  the  case  of a sooty  pool  fire  that  is  highly  luminous,  these  values will differ  considerably 
from  each  other.  I t  is likely  that  only  the convc:tive heat  release  contributes to the  buoyancy, 
and  thus  the  vertical   velocit ies.   The  data  shown  in  Figure 4.4 were  normalized  for  the 
convective  heat  release. 

In   an   e f for t   to   p rovide   for  a more  direct  comparison  with  Trupact-I-Test 1 velocity  data, 
another  conditioning  signal was generated.  Data  from  the 2.2, 3.4, 4.8, and 6.1 meter  stations 
was  sampled with a ccnditioning  signal  generated  from  the  thermocouple  temperature  history  at 
the  6.1  meter  station  in  the  same  manner  as  for  the  Trupact-I-Test 1 [4,5]. There was a 
problem  with  some of the  data;  at  some  times  the  temperature  history  was  high,  but  the  velocity 
at one or  more  of  the  stations  was  either  zero  or  negative, To correct  this  inconsistency,  the 
conditioning  signal  was  modified to remove  all of the  data  at  any  time  at  which  any  of  the 
velocit ies  were  either  zero or  negative, By using this conditioning  signal,  the  sample  data 
increased  from 1.5 (approximately 4%) to 9.5 minutes  (approximately 28%) of  the  total  test  time. 
A comparison  of  the  velocity  data  generated hy using  the  two  conditioning  signals  generated is 
s h o w n   i n   t a b l e  4.1.  T a b l e  4.1 a l so   shows   t he   s ca l ed   da t a   a s   de f ined   by   McCaf f rey  
[9] ( [ Z / Q ~ / ~ ] ,  [V/Q1/6] ) for  the  three  heat  release  rates. 
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TABLE 4.1 

Effects Of Conditional  Sampling Of The  Velocities 

Height 
Above  Intial 
Fuel Surface 
[me ten]  

1.42 
2.62 
3.99 
5.3 1 
8.36 

11.41 
14.46 

Height 
Above  Initial 
Fuel  Surface 

[meters] 

[zl  

* Velocity k Std  Dev ** Velocity k Std  Dev  Percent 
Change 

[m/secI  [m/secI 

4.54 1.93 
8.42 0.99 

10.70 1.68 
12.06 1.82 
12.07 2.04 
17.40 3.29 
16.47 2.76 

5.79 1.64 
8.73 1.96 

10.37 2.13 
11.67 2.42 
- - 
- - 
- - .  

Normalized  Data From Video  Conditioning  Signal 

Q Based on 

*** 585 MW 
Theoretical 

Maximum 
Heat  Release 

:z/q*/6]  [v/q'/5 

535 MW 
Estimated 
Total Heat 
Release 

28 
4 

-3 
- 3  
- 
- 
- 

358 M\V 
Estimated 
Convective 

Heat  Release 

1.42 0.0070 0.3 189 0.0072 0.3246 0.0085 0.35 15 
2.62 0.0 129 0.59 14 0.0 1 34 0.0620 0.0 157 0.6522 
3.99 0.0 197 0.75  16 0.0204 0.765 1 0.0239 0.8288 
5.3 1 0.0262 0.847 1 0.027 1 0.8624 0.0319 0.9341 
8.36 0.04 12 0.8478 0.0427 0.8634 0.0501 0.9349 

11.41 0.0563 1.2222 0.0583 1.244 1 0.0684 1.3477 
14.46 0.0713 1.1568 :.)A I:!$ 1.1760 0.0867 1.2757 

* Conditionally  sampled  data usizg ihe v~L-. : ;  c~:~l,1;:'rv:~~~ng signal @ 15.2 meters 
** Conditionally  sampled  data  using  conditiouldI:: q:i,t.!,,,d @ 6.1 meters 
***  Based on fuel  recession rate 
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V. HEAT FLUX TO THE PLATE  CALORIMETER 

A plate  calorimeter  was  used to investigate  the  heat  flux to vertical  surfaces  in  fires.  The  plate 
calorimeter  was  positioned  aboct  4.6 m in  from  the  east  edge  of  the  pool  as  detailed  in  Figure 
2.1. The  calorimeter  was 61 cm  in  width  and 3.05 m in  height.  Figure 2.4 shows a cutaway  view 
of  the  calorimeter.  The  east  facing  side  was  constructed of a 1.02 mm  thick,  mild  steel  plate 
which  simulates  radiation  shields  which  are  present  on  some  transportation  containers.  This t h i n  
plate is referred  to  as a shroud.  Spaced 0.95 cm  behind  the 1.02 mm  mild  steel  plate  was a 6.35 
mm  thick  mild  steel  plate.  Exteinal, 1.6 mm  dia.  sheathed  thermocouples  were  placed in the 
flame  about 10 cm  off  the  front  surface  of  the 1.02 mm  steel  plate.  Intrinsic  thermocouples 
were  placed  on  the  backface  of  the 1.02 mm  plate,  and  on  the  backface  of  the  6.35 F m  plate. 
The  inside  of  the  calorimeter  was  filled  with  insulation,  and all non-insulated  surfaces  were 
painted  with  Pyrornarktm  paint.  This  was  done to insure  known  emissivity  values  in  the  gap 
between  the  thin  and  thick  plates. 

The  west  side  of  the  plate  calorimeter was split in half  vertically.  The  north  half  was a 19 mm 
thick  plate,  the  south  half, a 6.35  mm  plate.  The  plates  were  mounted so that  the  surfaces 
facing  the  flames  were i n  the  same  plane.  There  were  four  instrumentation  stations  located  at 
4.1 1 ,  3.30, 2.49,  and I .68 m from  the  pool  floor.  At  each  station,  thermocouples  were  mounted 
on  the  backface  of  each  plate  and  one  protruded  about 10 cm into the  flames.  The  calorimeter 
was  mounted so that  its  bottom  surface  was 1.37 m from  the  pool  floor. 

The  backface  temperature  histories  for  the walls  of two different  thicknesses  are  shown i n  
Figures  5.1  and 5.2. The  corresponding  west  side  f lame  temperature  history is included as 
Figure 5.3. The  averages  of  the  flame  temperatures  over  the  time  of  the  test  indicate  that  the 
highest   temperatures  are  found  at   the  lowest  station.  The  average  temperature  decreases 
monotonically  with  elevatioll.  The  quasi-equilibrium  temperatures  of  the  plates  indicate the  

, same  trend.  The  same  trend was evident in  past  tests  (eg.  TRUPACT-I-Test 1) .  The 19 mm 
plate  responds  much  more  slowly  than  the  6.35  mm  plate  as  can  be  seen  by  the slower initial 
heat-up,  and  the  smaller  fluctuations  overall.  Figure 5.4 indicates  the  relationship  between  the 
flame  temperatures  and  the  plates’  response,  for  the  top  station.  The  top  portion  of  the  figure 
indicates  the  temperature  histories  of  the  flame,  the  6.35  mm  plate,  and  the 19 mm  plate. I t  
can  be  noted  that  for  both  plates, if the  flame  temperature is above  the  plate  temperature,  the 
p l a t e   t empera tu re  will cont inue   r i s ing .   I f   the   f lame  tempera ture   fa l l s   be low  the   p la te  
temperature,  the  plate  temperature  decreases.  Because a large  difference  exists  between  the 
temperatures  of  the  two  plates, i t  is possible  for  the  temperature  of  one  plate  to  be  increasing, 
while  the  other  plate is cooling  off.  The  net  heat  flux  into  each  of  the  two  plates  was  calculated 
using  the SODDIT computer  code  [IO,] I ] .  The  results  are  plotted  on  the  lower  part  of  Figure 
5.4. The  results  clearly  show  the  dependence of the  flux  on  the  plates’  surface  temperatures. 
Because  the 19 mm  thick  plate  remains  cool  longer  than  the  6.35  mm  thick  plate,  the  flux to i t  
remains  positive  longer  than  the  flux  to  the  thin  plate,  and  at  higher  values.  These  net  flux 
histories  correspond, as would  be  expected,  quite  well  with  the  derivative of the  plates’ 
temperatures. If the  flux is positive,  the  plate is increasing  in  temperature,  and if the  f lux is 
negative  the  reverse is occurring. 

Any  attempt  to  compare  the  flux  levels to these two plates  should  take  into  consideration  the 
d i f fe ren t   h i s tor ies  of the  plate  temperatures.  One  very  simple  method  of  making  heat  flux 
comparisons  between  objects  which  vary  in  surface  temperature is to compare “cold” wall  fluxes. 
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These  are  computed  by  attempting  to  estimate  from  the  actual  flux  and  surface  temperature 
histories  what  the  flux  to a fixed  cold  temperature  wall  would  be.  In  this  case a  cold wall 
temperature  of  278"K,  and  an  effective  overall  emissivity  value  of 0.85 were  chosen to perform 
these  estimations.  The  "cold" wall  heat  flux is then  calculated  by  the  following  equation: 

5.1 

Where the Qnet is the  net  heat f lux  to the  plate  given  by  the SODDIT zode, Q,, is the  estimated 
cold  wall f l u x ,  T,, is the  frontface  temperature  of  the  plate,  and T,, is the  assumed  278°K  cold 
wall  temperature.  The  results of  these  calculations  for  the  two  plates  of  different  thicknesses is 
plotted in  Figures 5.5 and 5.6. Note  that  the  calculated  cold  wall  fluxes  are  always  positive,  and 
that  the  average  values  agree  fairly  well  between  the  two  plates.  This  calculation has  been 
performed  for a number  of  different  items  in a number  of  different  fire  tests.  The  average 
values  of  cold  wall  fluxes  measured  are  listed  in  Table 5.2, and  plotted  in  Figure  5.7. 

The  relationship  between  average  cold  wall f l u x  and  average  f lame  temperature is a v e r y  
difficult   one  to  discuss  from a theoretical  point  of  view.  The  difficulty  exists  due  to  the 
s t rongly   f luc tua t ing   na ture   o f   the   f lame  tempera ture .   Appendix  A address  part  of  this 
difficulty by investigating  the  difference  in  blackbody  radiative  flux  due  to  different  periodic 
shapes of fluctuating  flame  temperature.  The  general  results  indicate  that as the  fluctuations i n  
the  flame  temperature  increase,  the  radiative  flux  increases  above  the  blackbody f l u x  calculated . 
from  the  average  flame  temperature. 

A calculation was performed  which  tends to  raise  some  questions  regarding  the  cold wall f l u x  
calculations.  Figure 5.8 shows  the  value  of 0 Tr4; that is the  blackbody  flux  based  on  the  flame 
temperature.  The  average  values  are  given  on  the  figure.  This  average  value is the  maxinlum 
possible  radiative  heat f lux  from  the  flames to any  object.  The  problem is that  these  average 
values  are  slightly  below  average  values  of  the  calculated  cold wall fluxes. A number  of 
possibilities may account  for  the  apparent  discrepancy, 

The  emissivity  value  of 0.85 may  be too high in  Equation 5.1 
The  f lame  emittance  may be  less than 1. 
The  convective  flux  may be contributing  the  difference. 
The  flame  temperatures  measured  may be  low due to radiation  errors. 

Instead  of  trying to average  the  temperatures  and  fluxes,  one  can  examine  the  transient  values 
of  the  net  heat f l u x  and  measured  temperatures.  An  attempt  to  determine  the  relationship 
between  surface  temperature,  flame  temperature  and  net  heat  flux is detailed  in  Appendix B. 

Another  way to  look  at  the  results  of  the  plate  calorimeter  is  to  plot  the  net  heat  flux to the 
plate  as a function  of  the  front  face  temperature.  Figures 5.9 and 5.10 are  these  plots  for  the 
6.35 and 19 mm  thick  plates,  respectively. 

Turning to the  other  side  of  the  plate  calorimeter,  Figure 5.1 1 shows  the  temperature  history of 
the 6.35 mm  thick  plate.  The  shroud  temperature  histories  are shown as  Figure 5.12, and  the 
flame  temperatures on the  east  side  of  the  plate  calorimeter  in  Figure  5.13.  Again  the  trend  of 
decreasing  temperature   with  e levat ion  is   evident  from these  f igures .   The  average  f lame 
temperatures  are  about 170°C higher on the  east  side of the  plate.  This is most  likely  due to 
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the  wind  predominantly  blowing  from  the  west.  Table 5.1 gives  the  average  flame  temperatures 
measured  near  the  various  calorimeters  in  this  test. 

Looking  at  Figure  5.12  some  high  frequency  noise is clearly  present  on the shroud  temperature 
history  at  the  lowest  station.  The  origin  of  this  noise is unknown.  It  did  appear  on  four  other 
channels : the  three  pool  surface  slug  calorimeter  temperatures,  and  the  pool  surface  radiometer 
temperature. 

A number of heat  fluxes  can  be  defined  for  the  shrouded  geometry  involved  here: 

1. )  Qnet - Net  heat  flux  into  the 6.35 mm  plate  can  be  calculated  from  the  inverse  code. 
2.) Qs+p - Heat  flux  from  shroud to plate.  Can  be  calculated  from a radiation  exchange 

3 . )  Qato - Rate  of  change  of  internal  energy  of  the  shroud. 
4.)  Q p 8  - Heat  flux  from  the  flame to the  shroud  can  be  estimated  from the temperature 

5.) Q I - + ~  - The  flux  from  the  f lame  to  the  plate is defined  as Qr+, - Qlto. 
6.) Q,, - The  cold wall  heat f l u x  to the  shroud.  This  calculation  uses Qr+, and  the  shroud 

equation. 

difference  and  an  effective  emissivity. 

temperature. 

The  flux  from  the  shroud to the 6.35 mm  plate is calculated  using  the  following  equation: 

Qs+p - - CI (0.81 8) (T,' - TI?) 5.2 

This  assumes a shape  factor  of  one  and  that  both  surfaces  have  an  emissivity  of 0.90. I t  should 
be noted  here  that  the  emissivities  of  protected  interior  surfaces  painted  with  PyromarkTM  are 
assumed  to  be 0.90, and  the  exterior  surfaces 0.85, throughout  this  report.  The  flux  from  the 
flame  to  the  shroud  was  initially  calculated  using  the  equation: 

Q p ,  = (I (0.85) (TI' - T,') 5.3 

T h e  strong fluctuations  in  the  flame  temperature  generated  high  frequency  components  in  the 
flux  calculated  in  this  way.  In  order  to  decrease  the  fluctuations  in  this  quantity,  the  flame 
temperature  was  smoothed  prior to the  calculation  of Qr-.,. The  smoothing was done  by  the 
following  simple  method  (Simpsons  rule) : 

Tf,(7) = [ Tr(7-10 sec) + 4 Ti(7-5) + 6 Ti(7) + 4 Tr(7+5) + T1(~+10) ] / 16 

In  the  calculation  of  energy  storage  in  the  shroud,  the  equation  used was: 

Qato = p cP dx  dT/dT 5.4 

where  dx is the  thickness  of  the  shroud, p is  the  density  of  the  shroud  material,  and cp is the 
specific !,eat of  the  shroud.  The  value  of  dT/dr was found by first  smoothing  the  shroud 
tcmpr,r ,aturc  as  the  f lame  temperature  was  smoothed,  then  taking  temperature  differences 
djviJed by time  intervals.  Figures 5.14 thru 5.17 gives a comparison Of Several Of the  fluxes. 
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A cold wall flux  can  also  be  calculated for the shrouded  side of the calorimeter.  This Q,, is 
given by : 

Figure 5.18 shows the history  and  average  values of this  quantity. 
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TABLE 5.1 Average  Temperatures Near Calorimeters 

Measurement 
Location 

West Side 
of Plate 

East Side 
of Plate 

Height from Average 
Floor [m] ["CI 

4.1 1 
3.30 
2.49 
1.68 

4.1 1 
3.30 
2.49 
1.68 

East Shroud 4.1 1 
3.30 
2.49 
1.68 

Around  Large TOP 
Cylinder €as t 

Bottom 
West 

Shroud TOP 
Around Cy1 East 

Bottom 
West 

679 
737 
810 
892 

859 
912 

1012 
1043 

843 
896 
993 

1027 

459 
963 
926 
696 

40 1 
835 

669 
-- 

Std Dev 
t "CI 

286 
249 
219 
131 

216 
193 
145 
84 

110 
100 
86 

102 

149 
105 
93 

145 

126 
84 

105 
-- 

Flame 
Present [ "C] 

984 
997 
1003 
908 

1090 
1072 
105 1 
937 

718 
810 
992 
872 
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TABLE 5.2 
Relationships  Between  Average Cold Wall Flux 

and  Average  Flame  Temperatures for a Variety of Tests  and  Objects 

Test   Name 

DGT Test A 
Large  Cylinder 

DOT Test B 
Large  Cylinder 

DOT Test C 
Large  Cylinder 

N-WINTER Test 
Large  Cylinder 

T R U P A C T  I 
Test 1 
6.35 m m  Plate 

N-WINTER 
19 mm Plate 

N-WINTER 
6.35 mm Plate 

N-WINTER 
Shrouded Plate 

Location 

Bottom 
South 
TOP 

North 

Bottom 
South 
TOP 

North 

Bot tom 
South 
TOP 

North 

TOP 
East 

Bottom 
West 

4.93 
4.62 
4.32 
4.0 I 
3.10 
2.49 

4.1 I 
3.30 
2.49 
1.68 

4.1 1 
3.30 
2.49 
1.68 

4.1 1 
3.30 
2.49 
1.68 

at[ O CI 

118 
242 
228 
124 

68 
I84 
227 
109 

117 
178 
218 
I37 

I49 
105 
93 

145 

303 
294 
275 
262 
I98 
149 

286 
249 
219 
131 

286 
249 
219 
131 

216 
193 
145 
84 

Td "CI 

912 
765 
679 
87 1 

918 
746 
595 
958 

937 
778 
680 
952 

459 
963 
926 
696 

846 
855 
886 
902 
964 

IO03 

679 
737 
810 
892 

679 
737 
8 10 
892 

859 
912 

1012 
1043 

54 

Q tKw/m21 

110.1 
78.8 
61 S 
89.9 

1 13.6 
66.3 
55.1 

101.1 

1 15.5 
67.7 
64.4 

105.6 

31.1 
90.7 
126.7 
61.7 

I 10.8 
112.6 
1 16.0 
122.7 
137.8 
146.9 

96.0 
97.2 

1 17.2 
133.9 

89.1 
92.6 

1 10.9 
132.8 

93.7 
107.2 
138.4 
146.9 



TABLE 5.2 (continued) 
Relationships  Between Average Cold Wall Flux 

and  Average  Flame  Temperatures for a Variety of Tests  and  Objects 

Test Name  Location at[ "C] Td "CI Q Ww/m2I  

N-Winter 'Tclst TOP ** ** 123.8 
10 cm cal (east) South **  ** 1 18.2 

Bottom **  ** 138.0 
North ** ** 144.7 

N-winter  TOP ** ** 149.9 
10 cm cal (west) South ** ** 139.5 

Bottom IC* ** 144.6 
North ** ** 156.2 

** No  thermocouple  at  this location. 
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VI.  HEAT FLUX TO LARGE  CYLINDRICAL CALORIMETER 

A description  of  the  large  cylindrical  calorimeter  was  included in Section 11. Measurements  of 
temperature  were  made  in  the  flames  near  the  calorimeter  surfac?,  at  the  exposed  surface, a t  the 
steel  backface/insulation  interface,  and 2.54 cm  into  the  insulation,  on  the  north  end  of  the 
calor imeter .   Transpirat ion  radiometers   were also  included  on  the  north  end in an  effor t  to 
measure  the  radiative  component  of  the  heat  flux.  The  south  end  was  covered  with a thin  steel 
shroud.  The  south  end  had  thermocouples  on  the  inner  surface  of  the  shroud,  and  on  the  steel 
backface/insulation  interface. The data  from  the  unshrouded  north  end  of  the  calorimeter w i l l  
be discllssed  first. 

Figure  6.1  shows  the  steel  backface  temperature  histories  measured  at  the  four  angular  stations. 
The  predominant  winds  were  from  the  west  and  south  during  this  test so i t  is not  surprising to 
find  the  highest  temperatures  on  the  east  and  bottom  of  the  calorimeter.  The  wind  frequently 
caused  the  top  and  west  side  of  the  calorimeter to be exposed.  The  flame  temperatures  near  the 
calor imeter ,   Figure  6 .2 ,   show  s imilar   t rends.   The  maximum  average  temperatures   being 
measured  on  the  lower  and  east  sides  of  the  calorimeter.  Figure 6.3 shows  the  measured  surface 
temperatures  on  the  north  end  of  the  calorimeter.  These  surface  temperature  measurements 
were  made  with  Nanmac  thermocouples.  Again  the  highest  temperatures  were  recorded  on  the 
bottom  of  the  calorimeter.  The  surface  measured  temperatures  are  slightly  above  the  measured 
backface  temperatures  during  the  test  and  drop  below  the  backface  temperatures  during  the 
post-test  cool  down  period.  This  makes  sense  as  the  heat  flux is into  the  calorimeter  during  the 
test  and  reverses  when  the  fire  stops.  The  temperature was also  measured  in  the  insulation 2.54  
cm  ins ide   the   s tee l   backface .   These   t empera tures   show  the   same  t rends  as  a l l  o ther  
measurements,  see  Figure 6.4. 

The  shrouded  south  end  of  the  calorimeter  had  thermocouples  on  the  backface  of  the  thick  steel 
wall ,   and  on  the  inner  surface of the  thin  steel  shroud.  Figure 6.5 indicates  the  backface 
temperature  history.  Comparing  this  figure  with  the  corresponding  one  on  the  north  end  (Figure 
6.1) reveals  similar  trends  with  lower  temperatures  overall  on  the  south  end.  The  lower 
temperatures  indicate  that  the  heat  flux  into  the  thick  steel  calorimeter is less on  the  shrouded 
end  than  on  the  exposed  end.  This is the  expected  result  because  the  shroud is a radiation 
shield.  The  shroud  temperature  histories  are  plotted  in  Figure 6.6. The  thermocouple on the 
bottom  surface was damaged  prior to the  test so results  on  the  lower  surface  are  unfortunately 
not  available.   The  three  temperatures  which  are  plotted  indicate  the  expected  trend.  The 
upcoming  discussion will indicate  that  the  data  on  the  west  side  of  the  shroud  are  not  reasonable 
a f te r  t= 1200 seconds. I t  is interesting to compare  the  average  temperature  of  the  shroud to 
average  flame  temperatures: 

South  Shroud 

Tevpera ture  [ "C ]  
5tation Average 

East 835 
West 669 
TOP 40 1 

ut 
84 

105 
I26 

North  Flames 
Average 

Temperature[ "C] 
963 
696 
459 

at 
105 
145 
150 

75 



The  average  temperatures  are  fairly  close,  with  the  flames  slightly  above  the  shroud  as  expected. 
T h e  fluctuations  in  the  flame  temperatures  are  much  higher  than  the  fluctuations  in  the  shroud 
temperatures. 

The  transpiration  radiometers all failed  in  this  test so no  results  have  been  included  from  these 
devic5s in this  report. 

From  ihe  available  data a number  of  analyses  can be performed. 
1 . )  Net  heat  flux  into  the  thick  steel  walls  can be estimated  from  the  backface  temperature 

histories  for  both the shrouded  and  unshrouded  ends. 
2.) The  Nanmac  measurements  can  be  compared  with  surface  temperature  estimates  from 

inverse  codes. 
3 . )  Cold  wall  fluxes  can  be  estimated  by  adding a constant  times  the  estimated  surface 

temperature  raised  to  the  fourth  power. 
4.) Heat  flux  into  the  shrouded  thick  wall  can  also  be  estimated from the  estimated  thick wall 

surface  temperature   and  the  known  shroud  temperature .  All surfaces  were  painted w i t h  
Pyromarktm paint  prior  to  testing  in  order to insure  known  emissivity  values. 

Examining  the  unshrouded  north  end of the  calorimeter  first,  Figure 6.7 shows  the  net  heat f l u x  
to the  calorimeter  as a function  of the surface  temperature. This method  of  plotting  allows 
comparisons  to  be  made  between  objects  of  differing  thermal  massiveness. I t  also allows 
comparisons to be  made  with  the  results  of  previous  tests.   The  cold  wall   f lux  was  also 
calculated  by  the  method  described in the  previous  section  (Eqn 5.1 ). Figure 6.8 shows  the  time 
history of this  cold  wall  flux.  The  average  values  are  included  on  the  Figure,  and also i n  thc 
table 5.2. 

Table 6.1 was prepared to allow  comparisons to be  made  directly  between  the  DOT  calorimeter 
tests and  the  current  results.  This  table  gives  values of the  integrated  net  heat  flux  into  the 
calorimeter  at 30 minutes  after  ignition  of  the  fire.  The  values  given  for  the  DOT  tests  are 
averages  over  three  axial  stations  and  three  tests.  The  DOT  tests used calorimeters of the  same 
material  and  physical  dimensions  as  the  current test. The  calorimeters in  these  tests,  however, 
were  positioned  with  their  axes in the  east/west  direction.  Since  the  B,ind  comes  from  the  west 
and  south a reasonable  agreement  would  be  expected  between  the west station of the  current 
test and  the  south  station  of  the DOT test. By the  same  argument  the  north  station  of  the DOT 
tests is compared  with  the  east  station  in  the  current  test.  Examining  the  values i t  is seen  that 
except  for  the  top  stations  the  agreement is quite good.  Secondly, i t  can  be  seen  that  the  shroud 
results  in a dramatic  decrease  in  the  net  flux  absorbed  by  the  inner  cylinder. 

Four  Nanmac  type  thermocouples  were  mounted  in  the  surface of the calorimeter to allow 
estimations  of  the  surface  temperature.  The  surface  temperature  history was  also  estimated  with 
the  inverse  code.  Figures 6.9 thru 6.12 show  differences  between  the  frontface  temperatures 
es t imated  by  SODDIT  and  those  measured  with  the  Nanmacs.  In  addition,  the  difference 
between  the  front  and  backface  temperatures is also  plotted.  The  Nannlaz  measurements  show a 
high  f requency  response to thermal  transients. In  some  cases  the  Nanmncs  give  surface 
temperature  measurements  which  seem  consistently  higher  than  the  frontface  temperature 
estimates.   The  discrepancy  between  the  two has not  been  resolved  at  this  time. 



A comparison  similar to that  performed on the  shrouded  side  of  the  plate  calorimeter  (Section 
V) can  be  performed  on  the  shrouded  cylinder  as well. The  f lux  from  the  shroud to the  thick 
cylinder  can  be  calculated  from  the  shroud  temperature,  the  frontface  temperature of the thick 
cylinder  and  the  known  emissivities.  In  this  case,  the  relationship  would  be  the  same as that 
given  in  equation  5.2,  except  that  the  shape  factor is no longer  unity.  The  shape  factors in this 
case  are: 

= 0.8446 F,,, = 0.0385 From [ 121 
F,,, = 0.1 169 F p r  - - 0.0957 

Where the subscripts  are  r-ribs,  s=shroud,  and  p=thick  wall.  The  emissivities  were  assumed to 
be 0.9 as before.  The  assumption is also  made  that  the  ribs  are  insulated  surfaces  and thus  do 
not  participate  in  the  heat  transfer.  The  total  heat  transfer is given  by : 

a*Qs,p = u (17.636) (T.4 - TI+)  6. I 

The  flux  per  unit  area  on  the  outside  of  the  thick  wall is then  given  by : 

Qa-+p 5 o (0.7949) (T,' - Tff') 6.2 

These f lux  histories  were  calculated  and  compared to the  net  fluxes  into  the  inner  cylinder in 
Figures 6.13 - 6.16.  The  results  compare  fairly  well  on  the  east  and  top  sides;  however,  the 
comparison  on  the  west  side is not  good.  The  curves  seem to be  in  fair  agreement  until  t=1200 
seconds a t  which  point  the  shroud  temperature  seems to be too high.  Looking  back  at  the 
shroud  temperature  histories,  Figure  6.6, i t  does  seem  that  the  trace of the  west  temperature 
takes  on a different  characteristic  at  t=1200 sec; this  probably  indicates  there  was Some type of 
failure. 
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TABLE 6.1 - Integrated  Heat  Flux at 30 Minutes [M3/m2] 

Large  Cvlindrical Calorimeters 

Stations North  End South End DOT DOT 
(N-winter) (no shroud) (shrouded) Stations Averages 

7-0 P 
East 

Bottom 
\Vest 

47.4 
120.3 
152.3 
85.2 

TOP 
South 
Bottom 
N0rt.h 

19.5 180 (Top) 86.4 
81.2  270 (N) 127.5 
97.8 0 (Bottom) 141.3 
30.8 90 (SI 99.8 

10 centimeter  Calorimeters 

East West 

1 16.0 134.7 
1 1  1.6 130.9 
120.2 130.9 
123.0 134.3 
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VII .  H E A T  FLUX TO TI-IE 10 CM CYLINDRICAL  CALORIMETERS 

Heat flux  and  surface  temperature  estimates  were  obtained  by  using  temperature  data  from 
thermocouples  located  at  known  depths  within  the  calorimeter  material.  The data was  processed 
by  application  of  an  inverse  heat  conduction  code,  the  Sandia  One-Dimensior,al  Direct  and 
Inverse  Thermal (SODDIT) code  [10,11].  The  code  utilizes  the  assumption  that  the  heat  transfer 
is one-dimensional;   an  assumption  that  is believed to be reasonable  in the case  of  these 
calorimeters  because  of  the  thermal  insulation  between  the  quadrants.  The  code  accounts  for  the 
cylindrical  geometry  of  the  calorimeters. 

The  backface  steel  temperatures  for  the 10 centimeter  calorimeters  are  plotted  in  Figures 7.1 
and  7.2.  Note  that  the  maximum  difference  in  backface  temperatures  for all stations  on a single 
calorimeter is 95°C for  the  east  calorimeter,  and 1 1  1 "C for  the  west.  The  values  for  the  east 
and  west  calorimeters  track  each  other  closely.  The  temperature  data  was  conditioned  by  using ;i 

smoothing  spline  with a 3°C standard  deviation.  The  original  temperature  data  was  smoothed 
and  interpolated  because  the  acquisition  of  resistance  values  every  tenth  scan  left  uneven  time 
intervals,  and  the  inverse  code  requires  even  timc  intervals. 

The  cold  wall  heat  flux  histories  for  the 10 centimeter  calorimeters  calculated  using  Equation 
5.1 are  plotted in Figures 7.3 and 7.4. The  magnitudes  of  the  reported  heat  flux  values  are also 
reasonable,  when  comparing to heat  flux  estimates  for  the 10 centimeter  calorimeters in other 
tests. 

Figures 7.5 and 7.6  are plots of  the  net  heat  flux to the c .,U:,meters as a function  of t h e  front 
face  temperature.  These  plots  are  included to allow  comparisons  to  be  made with other test 
results  and  fire  standards. 
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VIII .  FUEL  LEVELS AND BURN RATE 

I n  this test a number  of  systems  were  in  place to monitor  the  fuel  consumption  rate.  The 
amount of fuel  supplied to the  pool  was  measured  with a meter  at  the  supply  tank.  The  level of  
liquid in the pool was  measured  with 2 sight  glass, a pressure  transducer,  and a float  connected 
to an  LVDT.  The  output  r tom  the  pressure  transducer  and LVDT were  monitored  during  the 
test to quantify  any  changes in overall  burning  rate. 

Prior to the test  the  fuel  meter  read  21743.  Initially  65.4  centimeters  of  water  were  added to 
the pool.  Next 17.8 centimeters of fuel  was  added.  The  fuel  meter  then  read  29594.  This 
indicates  an  addition of 30185  liters. The meter  factor is 3.845 liters  per  count  (1.01566  gallons 
per  count). At  about  25  minutes  into  the  test  it  was  determined  that  more  fuel  should  be  added 
to achieve  the  desired  burn  time. At that  time  an  additional  3467  liters  were  added  bringing 
the total f u e l  to  33652  liters.  The  final  fuel  meter  reading  was  30496.  The  fuel  temperature 
was  measured  to  be  5.6 "C .  

Figure 8.1 shows a plot of the  fuel  level  in  the  pool.  The  plot is derived  from  the  output of the 
l . .VDT/f loa t   sys tem.   The   curve   was   a r r ived   a t   by   conver t ing   the   change  i n  voltage to 
centimeters of fuel  using  the  calibration  of  the  device,  and  the  properties  of  fue!  and  water, 
then  forcing  the post-test value to be  zero.  The  pressure  transducer  output  was  much  more 
sensitive I O  noise  which  made  the  zero  setting  somewhat  questionable. I t  was  decided  that  the 
LVDT was the  more  reliable  instrument  for  this  type  of  measurement.  The  initial  value  from 
the  plot is 18.24  centimeters  which  corresponds to 30438  liters  of  fuel.  This is slightly  more 
than  the  indicated  initial  fuel  load  (30185  liters).  The  slight  difference  may  be  due to the 
evaporation of some water  near  the  end  of  the  test.  Since  the LVDT data prior to the fuel 
addition is nor used,  the  loss  of  water  at  the  end  of  the  test  would  appear as e x t r a  fuel 
consumed. 

The  burning rate was  estimated in three  ways.  First  the  average  burning  rate  can be estimated 
simply  by  dividing  the  total  fuel  load  (33652  liters)  by  the  test  duration  (2000  seconds).  This 
gives a rate of 0.605  centimeters  per  minute  (1010  liters  per  minute). A second  method is to f i t  
a line to portions of the  curve  shown in Figure 8.1. The  results  of  this were: 

Time  period  (sec)  liters/min  cm/min 

300- 600 806 0.485 
600- 900 984  0.589 
900- 1200 1052 0.630 

1200- 1500 I030 0.6 17 
1500- 1800 1079 0.648 

Figure  8.2  indicates  the  third  method,  which is to differentiate  the  curve  of  Figure 8.1. The  
average  of  this  derivative  over  the  time  500 to 1600 seconds  was  0.612  centimeters  Per  minute 
(1022 liters  per  minute). 

T h e  fuel burning rate in an open pool fire is governed  by  the  heat  flux  from  the  flames  above 
the  down to the  fuel  surface.   The  energy to vaporize  the  liquid  fuel  must  be  obtained 
from  flame  radiation.  Measurements of heat  flux  to  the  pool  surface  were  attempted  in  this  fire 
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test.  Two  methods  were  used  here.  The  first  method  involves  the  measurement  of  total  heat 
f lux to a slug  calorimeter  placed  very  near  the  burning  fuel  surface. A second  method  involved 
the  direct  measurement  of  the  total  radiative  flux  toward  the  fuel  surface  with a transpiration 
radiometer[ 131. 

Figure  2 .6   shows a cutaway  view  of   the  s lug  calor imeters   used.   An  axisymmetr ic ,  two 
dimensional,  thermal  model  was  used  to  demonstrate  that  heat  transfer  in  the  calorimeter was 
one  dimensional. As the  fuel  recedes,  more  of  the  calorimeter  support  is  exposed.  The  model 
was used to demonstrate  that  the  exposure  length  did  not  significantly  affect  the  temperature 
history of the  slug. 

The  backface  temperature  profiles  from  the  slug  calorimeters  are  included as Figure  8.3.  These 
t empera tu res   have   been   smoo thed  to remove  noise  which  interferes  with  any  heat  f lux 
calzulation  from  measured  tempzratures.  The  smoothed  curves  are  shown  in  Figure 8.4. The 
heat f l u x  to each  of  the  three  calorimeters  was  calculated  using  the  SODDIT  code  referred to 
earlier  in  this  report. 

At this  point  the  situation  becomes  quite  difficult. We know  the  flux to a plate  of  varying ( b u t  
known)  surface  temperature  and  known  emissivity. We want to estimate  the  flux to the  boiling 
fuel  surfzce. A simple  estimate  of  the  incident  flux  can  be  made.  To  do  this  the  following 
f l u x  was calculated: 

where Tff is the frontface  temperature  of  the slug calorimeter, Tbp is the  fuel  boiling  point,  and 
Qnet is the  net  flux  into  the  calorimeter.  This  modified  cold  wall  flux is plotted in figure  8.5. 

For  comparison, a calcL!ation can  be  made to estimate  the  heat  flux  required to vaporize  fuel a t  
the  measured  rate  of  recession.  This  calculation  results  in  an  estimated  heat  flux  requirement 
of: 

0.00612 m/min  (1/60  min/sec) 770 kg/mg (632.75 KJ/Kg) = 49.7 Kw/m2 

Figures  8.6  and  8.7  show  the  output  voltage  and  gage  temperature  of  the  transpiration gage 
mounted  ncar  the  pool  center  facing  vertically.  The  value;  measured  are  way too high to be 
reasonable   due to some  problem  with  the  calibration  of  the gage. The  figures  have  been 
included to show  the  general  trends. 
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IS. \ \ 'EATIIER CONDITIONS DURING T € I E  TEST 

The weather  condition  which  most  affects  open  pool  fire  testing is the  wind.  Four  plots of 
w i n d  spccd for  the  test  have  been  included in this  report.  Figure 9.1 is a plot of the  magnitudc 
of the wind speed  during  the  t ime of the  test.  The  mean  velocity  over  the  time of the  burn was 
2.76 metcrs pe r  second.   The  s tandard  deviat ion  f rom  the  mean  value  was 0.94 meters  per 
scconci. The wind  speed  was  seen to increase  as  the  test  progressed  with  the  maximum  value of 
6.31 mctcrs per second  occurring - 25 minutes  into  the  test.  The  velocity  components of the 
wind  i n  the east/u+a;st, and the north/south  directions  were  also  computed  and  are  shown i n  
Figures 9.3 and 9.4. 11 can  be  seen  that  the  wind  toward  the  end of the  test  was  moderately 
strong  nnd  primarily  from  the  west. 

For  ConIparison,  the  wind  data  from a number  of  other  tests.is  included  below : 

Test  Average Wind Std  Dev  Maximum \ \ ' i d  

I'NC < 1.2 m/sec - - -  
IJOT-A 2.0 m/sec  0.90  m/sec - - -  
DOT- B 1.2 m/sec 0.8 m/sec 
DOT-C 1.5 m/sec 0.8 m/sec 

- - -  
--- 

Trupnct-I-Test I 1.24 m/sec 0.69 m/sec 3.69  m/sec 
Trupact-I-Test 0 1.68 m/sec 0.95 m/sec 4.21 m/scc 
Current 2.76  m/sec 0.94 m/sec 6.31 m/sec 

I t  should be notcd  that thc winds  during  this . s t  were  too strong to havc mct  thc  rcgulntory 
requirements  for  open poui fire  testing of trznsportation  containers.  The  barometric  prcssurc 
k \ m  0.800 bar  measured wi th  a Wallace & Tiernan  model FA129 alt imeter  and 0.789 b a r  
measured  with a Wallace & Tiernan  model   FA233  barometer .   The  ambient   temperature  
avcraged 7.8 " C  over  the  test  duration 
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APPENDIX A : Radiative Flux Enhancement  Due  to Fluctuatjng Temperatures 

The  heat f l u x  to a cold  wall at temperature To from a thick  grey  gas  at  temperature  TI, is 
mostly  due to radiative  transport if the  flow  velocity  is  low,  and  the  gas  temperature T, is high. 
In this discussion we examine  only  the  radiative  heat  transfer  from  the  gas  to  the  wall.  The 
assumpt ion  is made   tha t   the   co ld   wal l   and   the   sur rounding   gas   can   bo th  be treated  as 
blachbodies. 

I f  the  flame  temperature  fluctuates  with  time,  the  f.  :x to the  wall is given by: 

Q = o (Tf4 - T04) A .  1 

The  i ' luctuations in TI will result  in  the  average  of  Eqn. A.l  over  time to be  greater  than  the 
flux  calculated  from  average  values  eg. 

Q = 0 (TaVd4 - To4) A.2 
I f  a periodic  form  of  variation is chosen  for Tf, the  general  form of the  calculated  average f l u x  
was found  to be: 

Q 0 [Tf4 ( 1  +CY) - To4] A.3 

where cr ranges  from 0 to on  the  order of one  depending  on  the  exact  form  of  the  fluctuating 
flame  temperature.  More  specif~zally  the  value of a is a function of II, and < where : 

II, is the  ratio  of  total  fluctuation  amplitude to mean  temperature. 
( is the  fraction  of  time  that  the  temperature  exceeds  the  mean  value. 

Results  are  shown  in  Figure A . l  for  sine,  triangle,  and  square  waves.  Only  in  the  square  wave 
case was modified.  In  general,  as  the  amplitude  of  fluctuation  increases  the  enhancement of 
radiative  flux  over  the  average  calculation  (eqn A.2) increases.  Secondly,  as  the  kurtosis  in  the 
flame  temperatures  increases,  the  enhancement  increases  slightly.  In  real  data  at  least  three 
parameters   should  be  measured to estimate  the  radiative  heat  transfer;   the  mean  f lame 
temperature ,   the   s tandard  deviat ion  in   f lame  temperature ,   and  the  kurtosis   in   the  f lame 
temperature. 

For  the  sine  wave, Tf = T,,, + A/2 (sin(wt))  the  value of II, is defined  as $ = A/T,,,. The result 
for f l u x  is : a = 0.75 $2 + 3/128 $'. 

For  the  triangle  wave if the  maximum  flame  temperature  minus  the  minimum  temperature is 
defined  as A,  and $ is defined  as  before,  the  enhancement  parameter a is given  by a = 1/2 $2 + 
1/80 $J~. 

For the  square  wave,  again, A is defined  as  the  swing  in  flame  temperature,  and Ip as A/T,,,. In 
this  case  the  fraction of time  during  which  the  temperature is above  the  mean  value  can  easily 
be  varied  and  this  fraction is defined  as r. The  result   for Q is  now  more  complex,  as  it  is a 
function  of  both Ip and c. 

a = ~ $ 2  (6  + 4$ + $2 - 6C - 12$r - 4$Jr + 8$r' + 6$Jr' 3lp2rs> 
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APPENDIX B : Curvefits - Net  Fluxes to Plate  Calorimeters 

An  attempt  was  made  to  estimate  the  convective  and  radiative  flux  terms  by  examination  of  the 
rcsults f r o m  the non-shrouded  sides  of  plate  calorimeters.  The  equation: 

was used to  represent  the  relationship  between  flame  temperature,  plate  surface  temperature, 
and  net  hot  wall  flux  to  the  plate.  At  any  particular  station  measured  values  exist  for  the 
temperatures  and  flux  involved  as a function of time.  The  values of c and h were  estimated  for 
a given  station  by  minimizing  the  residual  between  the  estimates  of Qncr from  temperatures  and 
the measured  values  of Qnet in the  lcast  squares  sense.  Results for the  two  plates of differing 
thicknesses i n  the  current  test  are  listed  below, along with  values  for a 6.35 mm  thick  plate 
calorimeter  used  in the Trupact-I-Test I .  

Current  Test 

6.35 mm  Plate 

Location  [m] c h [W/m2- "C] 

4.1 I 0.384 35.0 
3.30  0.427 37.5 
2.49 0.374 52.4 
1.68 0.138 100.7 

19 mm  Plate 

& h [W/m2- "C] 

0.644 20.0 
0.669 27.7 
0.6 IO 45.7 
0.357  97.6 

Trunnct-!-Test I - 6.35 mm d a t e  

Locn t ion C h [W/m2- "C] 

4.93 0.462 39. I 
4.62  0.310 75.8 
4.0 1 0.266 78.4 
3.10 0.187 1 1  i.9 
2.49 0.178 1 1  1.8 

Examining the curves of Qnet and  the  predicted  values  seem to indicate  that  the 
init ial   heat-up  period is not  predicted  by  equation  A.2.1  as  well  as  the  timc 
histories  after  heat  up  has  occurred.  The  values of c and h seem  to  give  too  much 
significance to the  convective  term,  The  reasons  for  this  may be: 

T h e  he?.t transfer  mechanism  may  vary  with  time. This procedure  forces a 
single  constant  value of t and h to  be  assigned which may not make physical 
s e n s e .   A t   t h e   l e a s t ,   w e   k n o w   t h a t   t h e   e f f e c t i v e   f l a m e   e m i s s i v i t y   v a r i e s  
dramatically  with  time. 
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During  the  latter  part  of  the  fire,  the  plate  temperatures  are  close  to the 
flame  temperatures.  As a result,  the  radiative  flux  can  be  approximated by a 
linear  function.  Because the estimates  cover  the  total  test  duration,  the  linear  term 
in  the Qnet equation  would  incorporate  the  effects  of  the  linearized  radiative  flux. 
As a result,  the  value for  h will be too high. 

There  may  be  non-linear  terms  due  to gas property or velocity  variations. 
Very  simple  analysis  shows  velocity to be  proportional  to  the  square  root  of 
temperature  in  this  region of the  f lames.   The  heat   t ransfer   coeff ic ient   f rom 
classical  experiments is related to the  Reynolds  and  Prandtl  numbers. 

Analysis  of  the  variations  in  density,  thermal  conductivity  and  viscosity  with 
tempernture  were  inserted  into  this  classical  equation  for  local  turbulent  heat 
transfer to a plate.  This  analysis seems to indicate  that  most  of  the  anticipated 
convective f l u x  enhancement  due to velocity  increases  are  ameliorated  by  changes 
i n  t h e .  gas properties.  Results  ranged  from 8 to 26 W/m2-K,  depending  on  the 
downstream  location  and  the  a2sumed  plate  and  flame  temperatures.  This  analysis 
nukes  a number  of  assumptions,  including  the  application  of  steady  state  classical 
h e a t  transfer  solutions to an  extremely  transient  problem. 
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